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Abstract 

Carnegie Mellon University is automating the use of Gmund Penwaling Radar (GF’R) for cleanup of hazardous waste 
sites. The Site Investigarion Robot (SIR) p j e c t  a the Freld Robotics Center is app1y.Q robotics and image processing 
technologies to the investigatory phase of these waste site cleanups. The c m t  focus is on the development of an auto- 
mated subsurface mapping system to locate buried objects and geological s r m ~ ~ l r e s  so that s o w  and migratory path- 
ways of contamhls  can be identikd and cataloged. The subsurface msps pmduced using the non-invasive sensing 
abilities of Gmund Peneaating Radar. GPR opates on principles similar to conventional radar, but the data acquired is 
m m  difiicult to process due 10 Ihe heterogeneons nature of the suhrface medium. GPR depIoyment. data acquisition, 
andinterpretauon ‘ a m  aaditionaly humandriven process which expcse opaators to potentially dangerws environ- 
men&. Automating the GPR data collection process eliminates his undesirable situation. Accurate three dimensional sub- 
surface maps of GF’R data have not yet been generated in the fEld. However, Ihe SIR project uses mhts to position GPR 
~ ~ I I S ~ U C ~ K  to exploit the accurate, repeatable positioning available from automated equipmmt. By combining the use of 
a position-cognizanr, all-tetrain mobile robot and a linear scanning mechanism. it is possible u) acquire GPR records in a 
two-dimensional grid on the ground surf= 
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1.0 System Overview 

The Tmcgam (Figure 1) is a sir-wheeled, skid-swcd mobile robot which is used to position a GPR transducer Thc 
m d u c c r  is suspended from a wheeled can or "buggy." which rolls along a one-axis g a n q  allached to h e  vehicle. Dur- 
ing data acquisition the buggy is moved in a dircccion orthogod to the T b e g a l ~ r ' s  pah. Data is collccled'a~ incremcncal 
locations in a predetermined grid on he hazardous waste s i r .  The GPR uarsducer conlains a matched antenna pair for 
vanmission and reception of radar signals. High-frequency radar pulses cransmiued by the send antenna are rcfleckd 
tklck to the receive antcnna by interfaces between subsurface mamhls with d i N m t  electromagnetic characteristics. 
Received reflections are only stored for prcdecennined site locations. 

2.0 Detailed System Description 

me system is divided in0 four ilreas: GF'R data acquisition hardware, robolies. communications. and computing. The on- 
bmd mput ing  contrds the robot's motion and the coUection of GPR data based on high-level cornman& which are 
speci6ed thmugh a graphid wx inteaface on a remote workstation. These commands are  sen^ via a radio modem from 
theworlstatton ' to lhe robot. where they are tmdated into low-level wmmands and executed. The GPR unit transmits 
radar waves and receives subsurface reflcdons which are digitized by the computing equipment and slored on a hard 
disk 

2.1 GPR Data Acqulsltlon Unlt 

TheGPR l m i t i s a G e o p h y s i c a l S u r v e y S y s t e m s ~ ( S I R - 3 ) c a n t a i n i n g a m o d e l 3 1 0 2 ~ ~ u c w a n d a ~  
PR-8300 profiling remrdm. The tmnsdum coruains two antennas tuned to a center frepuency of approximately 500 Mhz. 
thecircuihy to eanslate power to high frequeacy radar waves far franstuss ' ion. and the circuitry to aansform received 
high frequmcyradsrwaves toaudio frequency. Its dimensioosare 15 by31 by 36cpntimm and weighs 4 kilograms. 
Cdguration of the antenna, necessary Mom beginning data colleclion at a site. is accomplished by adjusting switches, 
dials, and potentiometers on the PR-8309. Its dimensions are 45 by 45 by 22 centimeters and weighs 2.7 kilogram. The 
unit is powered by 15 Amps at 12.5 volts DC. 

Refer to Figures 2 and 3 for the following explanatioo. Analog data horn the GPR transducer is aonditioned and digitized 
before it m be wd by the. wmputeror stmed on the hard disk. The transmitting antenna outputs pulses of a 500 MHz 
wavefm. This pulped waveform is recovered by the receivingmtenna aflerreflection h m  subsurftxe objects- Because 
of the high ti-equency of the outplt wavcfonn, it is not pactical to sample an entire reflecvd pulse. Instead. a Seties of 
pulses is oqmt at each position, 0r"scan point", at which data is being acquired. The reflections from this Series of out- 
put pulses arc assumed to be identical. since they all q u e s s n t  the samc area of ground. 'The srsl reflected pulse is sam- 
pled immediately. The SeCDnd puke is sampled 50 ps after it is received. The next pulse is sampled 100 psafter it is 
received. and soon. The samples Momoccurat the rate a? which the pulses are output, 50 kHz, but they represent data 
points which ~n auually Mps apart (an "effective" rate of XI G E ) .  Tbc PR-8300 outputs the sampled data as groups of 
analog output pukes (w. Figm 3. signal 3). Tbc PR-8300 also ouiputs a start of scan point signal which indicates the 
first received pulse in a series for a given position on the surface. 

In the next step. the GPR interface board conditions the analog pulses so that they can be read by the analog to digital (A/ 
D) converter on the DAADIO board. n e  pulses are output by the PR-8300 in gmups. where each group represents one 
sample of the receiving antenna. Therefore. all of the pulses in a p u p  should be the same magnitude. Because of the 
MtUre 19 the sampling that creates these pulses. some of the p d m  in each p u p  are noisy. Since each group of pulses 
only r e m n t s  one data point. the noisy pulses are eliminated and the best pulse in each group is passed on to the DAA- 
DIO M. The middle pulse of each p u p  is the least noisy, so this is the one which is selected by the GPR inlerface 
bard. The GPR interfax board also creales a trigger signal for the DAADlO board This is a digital signal which is high 
whenever an analog pulse is available for An> conversion. The GPR interface board also converts the start of scan point 
signal to a level which is acceptable for input to the DAADIO board. 



llx maximum time resolulton of the data is 50 picoseconds. Scan points are taken at regular intervals - the default IS 16 
points per m d ,  but other seuings are available on the PR-8300. As the buggy moves the antenna along the gantry, thc 
C W  rea& GPR data points at incremental positions in a preqxified grid. AU of the scan points acquired in one move of 
k buggy are called a scan. When sudying a displayed two dimensional =an of GPR data. it is imponant IO know a e  
location (x, y. tune) of any reflections. A data p u k  - on the digital data line between the DAADIO baud p d  the CPU - 
represents tadar reflections from a psition (x,y.time) in the subsurface. This point in the subsurface is defined by tE time 
the radar waves take to navel horn the send antenna to the subsurface position and rem to the receive antenna. When 
the polling algorithm stores every data item, the maximum time resolution is achieved. Storing every other data point 
would &cre.a?a the resolution by half. Conversion of time to depth is based on the velocity of the radar waves in the 
medium. 

Scans are displayedm a d m  wmksiation screen in a mtangular area Ihe entire range of collected data values is 
mapped to a USCT specifiedrange ofcolors(e.g. - blue to green). Thedatarepescnt6d by the mlors in onecolumn on the 
display cmmponds to om scan point De@ ranges from zero (dm lop) to a maximum value (wlumn booom). Sur- 
face distlmce is me&wed along the display's horizwtal axis. wben the complter mouse is clicked on a point in the dis- 
play, h e  position whae that data item was squired is printed in the top left mmer of the image. 

2 2  Robotlcs 

The Terqator's dimensiollp are 1.6 by 1.1 mews. and the gantry's dimensions are 2.8 by 0.5 meters. Its motion is 
achieved by a combination of swight line segments and ZerO-rBdius bum. also known as point urns. During shaight line 
moves, the motion coouol routines use simple dud nxkoning to calculate change in the whiclc's global p i t i o n  bastd 
on incremental whe4 ecroder CoUNs and the aarting position d the vehicle, Since b e  Terregator skids while turnin& 
feedback 6om the wheel encodem is combined with angular measurements from the gymscope to conect for th& m. 

'Ihe buggy, used to position the GPR armsducer. is pulled along the ganby by a chain which is driven by a geared wheel 
a m k d  to thc shaftof amotot. Changesin thebuggy'sposilion areread from an bwremental wheel encoder at the motor 
shaf~ A calihation mtim employing fcedbadr from limit switches 111 the ends of the gantry is used to establish the bug- 
gy's absolute initial posirjon. 

Befonacquiring dafaata sire, the roboi is driven to a placc of known posiriw called mt calibmim point. The position of 
the site and its orientation relative to the calitmion point are known The Tmegator's planning mucine divides the sur- 
faccof tk site intoa n u m b  ofmctangularpatchcs ( F i i  4). and a path is calculated amund the sire. me path is 
described by a series of motion and dala acquisition commands which are sent to the 'Rrregaror (via a modem) and used 
tocommand hevehicle to callendata at each surface patch. Within a surEace patch, the robot moves in steps of equal 
size, frc4n one side of the patch to the other. Atcach stopping point the GPR antenna "scans" the gmund in a direction 
orthogonal to the robot's path. Each surface location wbere a radar waveform i s  digitized is called a "scan point". 

2.3 Communlcatbns 

Communication beoven the Temgamand a remote wakstation is accomplished via a 1200 baud d i o  modem (Vectran 
VT-30). Commands a ~ .  sent fmm the worktau 'on to the T m w r  based on input from a usec interface. These CM- 

Motion commands: Low level commands used to change the Rmgatds position. 
Scan commands A 8et of high level commands used to szt up and exeme all k vehick moves, ganfry moves, GPR 
data collection. and dara storage mutines needed to collect dam for a surface patch. 

m System commands: Low level mmands urped to initialize oompuling equipment and m amps. 
Query commands: Low lev& command used to gel informath such as current position from the lbregator. 

mandsareoffcurtypes: 

2 



An "acknowledge" signal is sent from the Terngator to the workstation to verify receipt of each command. After each 
command is executed, a "done" message is Sent from the Terngator to the workstation. A terminal on the Terngator is 
uscd to display error messages and olher diagnostic information. 

2.4 Computing 

The Tmgator's computing consisu of all tk hardware and software housed in the Terregator VME cage (Figure 2). The 
software commands a number of devices which control the robot's motion, communicate with the remote workstation, 
and collect data h the GPR data acguisition unit. Motion contml and data acquisition software execute on the Heu- 
*on (HKV2E) central processing unit (CPU) board; the CPU chip on this bard is a MOKNOI~ 68020. An ethernet con- 
nection &ween the CPU and a worlcPcalion allows storage of the GPR data in a UNUC file system on hard disk. Two 
motion conhi boards (SOOOV) me used to p i t i o n  the Terregator's wbeels and the gantry buggy. The GPR unit is an 
analog &vice, muiring the use of the DAADIO bmd for IVD conversion of data The DAADIO board is also used for 
digital switching (including the activation of servo amplifiers) and enabling of limit switch signals. Three devices 
ccqnected u, the CPU h u g h  its d ports: 

The implementation language is "C". running under the VxW& real time op t ing  sptem. The GPR data resides in 
'T data sbucolres in memory be€= Wng mpied into a cumin file fonnat on hard disk (F@m 3.4. and 5). The expla- 
nation ofthe dara sbutures isdivided intonvopimc: asamplescenario k r i b i n g  the use of thestructm in GF'R data 
collection and a delailed explmahn of each shucuue's fields. The fist step in the sample Sccnerio is to drive me Tmga- 
tor to the robot calibration point. Through interauion with the remote usz interface. the user spechies the area of ground 
over which GPR data will tc cok ted  (site). This is drme by using a computer mouse to "draw" the borders of the desired 
site on the W t a t i o n  -. in a manner similar to computer aided M n g  me% Path planning software me+ this 
specification of the site boundaries and a priori knowledge of obstacles in the site to plan a path for the robot Tfailitiod 
pathplanningsoftwsre~developedfarapplicatimstharrequirethe~pathbuweenhwopoints.HazarQuswas~ 
site nmediatim requires that data be. acquired over as much of the site as possible, for this msun the path planning soft- 
ware for the SIR projux ~ t h e a c a i n d r a a  acquisition. ~cutputof tbepa tb  planning s o f w  is alist of points 
in the precalculated site grid, each point defines the robot's s h n g  ar d i n g  point in a surf= path. The next step is to 
use !hesepoints togeneaatc a- of supavisuy level sxm commands which acquire data over an entire surface patch. 
These commands are. Sent to Ux Rrmgam via the modem and translated into low level commands to the motion control 
boards and theA/Dboard. The first supavisory level movecommand inslrucm the robot to move to the start of the site. 
At this point information a b u t  the site world position and bounding volume is stored in he. site memory suuctm. Col- 
lection ofa volume of dam is divided intoa s z h  of standard steps: thmfore. the methodology far storing volume data is 
only described for one volume. The robot moves to the start of the surface patch and Writes a volume header smxture to 
disk. Collection of 8 scan of data is gmmplisbed 88 the msducer is moved from one side of the gantry to the othec Al 
evenly spaced locations in the gantry mmment the CPU samples the GPR data atriving from the DAADIO board and 
stores intoa buffer. Thii buEler is storedina scan point W. Afierthegamymovemeot is finished,all the scan 
pints are written to one scan file on disk. The collection and storage of evay scan i s  acmmplished in the Same way 
When all the scam in a volume have been collected, the robot m m  to the next rmrface pitch in its pmkaemiied path. 

Refer to Figures 4 and 5 in the description of the smcturc fields which follows. The A d  position shucture contains two 
items: the cartesian mordinates of a point and iu orientation with respective to some reference p i n t  (e.g. - the reference 
point for the world position of a site would be the robot calibration point A bounding volume is a rectangular solid that 
contains all points in a volume of GPR its fields are the cartesian coordinates of two points. Cataloging of GPR data 
is done in a hierarchical manner using four GPR structures: point scan, volume. and site. A header is associated with 
each level in the hierarchy. At each posirion in the precalculated grid where GPR data is dlecwl, the data is stored in a 
scan point structure. A scan point consists of a data bufla and a header. The size of the data buffer is depden t  on the 
maximum range ofthe antennaandtheekcaidchatwmistics ofthe subsurface; foreexample, a time range of I O  nano- 
seconds in sand requires a buffer of length 320. The sari point header fields are a pointer to GF'R data, the length of the 
data buffer, and the djstancc from the last scan point collected in be same scan. A scan consists of all scan points col- 
lected by one motion of the GPR transducer along the gamy. The fields in a scan m t u r e  are an array of pointers to scan 
point structures. the number of scan points, the bounding volume points, and the date collected. Au the scans of data col- 
lected in one surface patch are stored in a volume suueture. Its fields are an a m y  of pointers to all scan structures. the 

on-board taminal, a gyrarmpe. and a radio modem. 
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number of scans, the world position, Ihe bounding volume. the date collected. the time step of the data, the base permiltiv- 
ity of the subsurface, and title. All the volumes of GPR data collected in a site are catalogued using a site header. The 
fields in a site header are an m y  of pointers to d u m e  headers, the number of volumes. the world position, the bounding 
volume, an array of pointers to names of directories where the volumes are stored, an array of pointers to volume titles, a 
pointer to a site title, and a pointer lo user notes. 

3.0 System Status 

The current sratlls of the implementation is described nexL The %reptor collects GPR data from a parking lot near OUT 
laboratory and stores the data on the SUNworLstatmr . 's onboard SCSI disk drive. Next. the SUN is connected to the lab 
elhernet using the Neiwork file System (NFS) protocol. Recessing and display of the data can now be done on a SUN 
Sparcstation. lltepafh planner and graphical user interface have not been fidly tested, 

4.0 Concluslon 
A complete system for squiring GPR clam, tagging it with its position in Cartesian space, and storing it on disk has been 
described. It msists ofa robof the %mgator, which havmes a hazardous waste site, positions itself at pointE in a pre- 
calculatedgrid. andagathers subsllrface imagesusingaGPRsystem.Thecomputingequipoacntonboardthe~~tor 
controls the motion of the robot and the acquisition of the GPR data. Communications with a remote workstation are per- 
formed using a wireless modem. 
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Figure 1 - Tcrrcgator 
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Ficure 2 - Data Acsuisition System 
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Figure 3 - Data Acquisition System Timing Diagram 
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Figure 4 - Site Terminology 
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Figure 5 - Organization of CPR Structures 
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Figure 6 - GPR Structures 
Code 

iypdef long DATETIME-TYF’E 

typedef float GPR-DATA-= 

t m e f  long POSITION-TYPE 
typxlef long DISTANCE-TYPE 

typedef long TIME-TYPE 

typxlef float ANGLE-TYPE 

typed& float CONDUCl-lYPE 

typedef Aoa( PERM-llTE 

typedef smu -BOLJND-VOL ( 

POSITION-TYPE min-x, m h j ,  min-z 

POSITION-TYPE m - x ,  m a x j ,  m a x z  

1 BOUNI-VOL-”E 

typedefstruct [ 

ANGLE-TYPE n. ry, rz 

POSlTION-TYPE x. y, z 

) WORLD-P0S-= 

typedefmu ( 
GPR-DATA-TYPE *data 

int data-sk 

DISTANCE-TYPE dx 

1 GPR-FOINTJYPE 

typeaef smct { 

GFl-POINT-TYPE **pointgIndex, 

int slice-size; 

BOUND-VOL-TYPE bvol; 

DATETIME-TYPE daIe-wk 
char *title; 

] GPR-SCAN-lTPE 

Comments 

Miscellaneous 
Date and Tune: UNIX format 

GPR data 

MillimeteR 

Millimeters 

T i e  Step of me radar antenna @icoseconds) 

conductivity of the medium (mho) 

Radians 

Penniuivity 

Bounding Volume Structure 
Minimum & maximum x,yj  values in a volume 

world positioa structure 
Explanatioa: waid position, relative lo a reference point 

Roll. pitch, and yaw 

x. y. z posirion in mrn 

CPR Poht Structure 

Pointer to bufTer of GPR data 
Size of the data Mer 
Distancein the x direclion from the start of the scan 

CPR Scan Structure 

Array of pointers to gprpoint s m t m  

Number of points m this scan 

Bounding volume 

Date. collected 

litle of the slice 
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Code Comments 

typedcf StrUCl (  

GPRSCAN-TYPE **slicesIndex; 
in1 vof-size; 

WORLD-POS-TYPE wpog 

BOUND-VOL-TYPE bvol 

DATETIME-TYPE date-cok 

TIME-”E he-step; 

PERhLTYF’E b - p e a m ;  

cWti t le ;  

] GPR-VOL-TYPE; 

typedef s t N c l (  

GPR-VOL **volsIndex; 

int site-size; 

WORLD-FQ-mE wps;  

B O U N t - V O L - ~  bvok 
c h  **volume-dir; 

char **volume-title; 

char *ti*; 
char *notes: 

1 S r r E J N D E X - ~  

GPR Volume Header 

Array of pointers to gpr scan shuctlues 

Number of points in this slice 
World position relative to the sta~ of the site 

Bounding volume 

Date collected 
Tune per data entry in each data array 

Base pmniuivity of the soil 
Title 

Site Index Header 

Array of pus to GPR volume headers in memory 
Number d volumes 

World position 

h d i n g  volume 

Array of volume directory names 
Array of volume titles 

Site title 
us% notes 

! 
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